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HIGHLIGHTS 


►  Presented  work  concerns  graphene-like  material  as  an  anode  in  lithium-ion  cell. 

►  Conventional  electrolyte  was  replaced  by  ionic  liquid. 

►  Satisfactory  capacity  of  the  material  working  with  ionic  liquid  was  obtained. 

►  Mechanism  of  Li  storage  in  these  materials  is  determined  to  be  quite  complex. 

►  No  well-defined  charging/discharging  plateau  was  recorded. 
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Graphene  nanosheets  or  reduced  graphite  oxide  materials  recently  have  attracted  great  attention 
because  of  their  excellent  electrochemical  properties  such  as  excellent  electrical  conductivity  and  high 
specific  capacity  originating  from  their  structure,  i.e.,  two-dimensional  layers  with  one-atomic  thickness. 
This  work  is  focused  on  reduced  graphite  oxide  (RGO)  applied  as  negative  electrode  in  Li-ion  cell  with 
ionic  liquid  (N-methyl-N-propylpyrrolidinium  bis(trifluoromethanesulfonyl)imide,  Pyl3TFSI)  as  electro¬ 
lyte.  Three  different  electrochemical  techniques,  e.g.,  galvanostatic  charging/discharging,  cyclic  voltam¬ 
metry  and  electrochemical  impedance  spectroscopy  were  applied  for  full  electrochemical 
characterisation  of  these  materials.  The  results  proved  that  RGO  gives  good  reversible  capacity  of  ca. 
550  mAh  g-1  (at  current  density  of  50  mA  g  1 )  working  together  with  the  ionic  liquid.  This  value  is 
comparable  to  that  characteristic  for  cells  operating  with  conventional  electrolyte  (cyclic  carbonates). 

©  2012  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

The  appearance  of  portable  devices  on  the  market  led  to 
increase  of  the  interest  in  electrochemical  power  sources.  Well- 
known  and  currently  intensively  investigated  energy  storage 
devices  are  lithium-ion  batteries  [1,2],  They  have  revolutionized 
portable  electronic  devices,  becoming  the  main  source  of  energy  for 
mobile  phones,  cameras,  laptops,  etc.  Moreover,  they  are  the  most 
promising  option  for  the  supply  of  hybrid  vehicles  (HEVs)  or  elec¬ 
tric  vehicles  (EVs)  [3].  To  improve  their  electrochemical  properties, 
the  main  attention  is  focused  on  the  design  of  electrode  materials 
[4,5],  Additionally,  they  must  be  safe  for  users  and  environmentally 
friendly.  Implementation  of  large-scale  lithium  cells  is  restricted  by 
currently  used  electrolyte  (liquid  organic  carbonates).  The 
replacement  of  the  conventional,  flammable  and  volatile  organic 
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solutions  with  ionic  liquid-based  electrolytes  might  greatly  reduce 
the  risk  of  thermal  runaway.  This  provides  the  lithium  battery  level 
of  safety  required  for  their  large-scale  application  in  important  and 
strategic  markets,  e.g.,  the  automotive  industry  where  they  serve  as 
a  power  source  in  hybrid  or  hybrid  electric  vehicles  [6]. 

Li-ion  battery  anodes  generally  are  prepared  of  graphite  with 
a  theoretical  capacity  of  372  mAh  g-1.  Presently,  an  improved  form 
of  graphite,  graphene  nanosheets  (GNSs)  occupy  a  large  part  of  the 
researches  presented  in  the  literature  [7-10],  The  way  to  obtain 
this  kind  of  material  occurs  in  two  main  steps.  The  first  stage 
involves  the  oxidation  process  resulting  in  a  graphite  oxide  (GO), 
which  must  be  reduced  chemically,  thermally  or  electrochemically 
to  unoxidized  form  in  the  next  step  [11—15],  Mechanical,  electro¬ 
chemical  and  thermal  properties  of  the  material  depend  on  the 
method  of  preparation.  Because  of  great  GNSs  advantages  such  as 
high  surface  area  (theoretically  over  2,600  m2  g_1),  superior  elec¬ 
trical  conductivity,  excellent  thermal  and  mechanical  properties, 
they  were  studied  from  the  point  of  view  of  their  application  in 
capacitors  and  for  hydrogen  storage  [16-18],  By  increasing 
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theoretical  capacity  to  744  mAh  g-1  through  the  expansion  of  the 
interlayer  space,  GNSs  also  can  be  used  in  Li-ion  batteries  [19—23], 
The  mechanism  of  lithium  storage  can  be  explained  in  various 
ways.  The  irreversible  insertion  of  lithium  results  in  the  formation 
of  the  solid  electrolyte  interface  film  (SE1)  on  the  electrode  surface, 
while  defects  on  the  edges  and  internal  which  do  not  have  contact 
with  the  electrolyte  contribute  to  the  reversible  storage  [20], 

In  this  work,  graphene-like  material  (i.e„  reduced  graphite 
oxide,  RGO)  was  obtained  by  thermal  reduction  followed  by 
chemical  oxidation  of  natural  graphite  and  was  then  tested  as 
a  negative  electrode  in  the  lithium-ion  cell  with  pyrrolidinium- 
based  ionic  liquid  as  the  electrolyte. 

2.  Experimental 

2.1.  Synthesis  of  reduced  graphite  oxide 

Graphite  oxide  (GO)  was  synthesized  from  natural  graphite 
powder  (SL-20,  Superior  Graphite,  USA)  by  a  modified  Hummers 
method  [24],  Briefly,  3.0  g  of  the  graphite  was  added  into  120  ml  of 
concentrated  H2S04  (95-98%)  and  stirred  for  24  h.  Then,  2.5  g  of 
NaN03  was  added  into  the  solution  and  after  2  h  15  g  of  KMn04  was 
also  added  under  constant  stirring.  The  temperature  of  the  mixture 
was  kept  below  6  °C  (ice  bath).  The  reaction  was  continued  for  3  h 
in  the  temperature  range  2—3  °C  and  then  1  h  at  room  temperature. 
After  that  the  mixture  was  diluted  with  distilled  water.  Addition  of 
water  was  performed  in  an  ice  bath  to  keep  the  temperature  below 
40  °C.  After  temperature  stabilization  (24—27  °C),  30%  H2O2  was 
added  to  reduce  the  residual  I<Mn04.  During  this  reaction  a  large 
amount  of  bubbles  was  released  and  the  colour  of  the  mixture 
changed  from  brown-green  to  yellow.  The  general  procedure  for 
the  oxidation  of  graphite  is  shown  in  Scheme  1.  The  as-obtained  GO 
was  filtered  and  washed  with  35—38%  HC1  aqueous  solution  (1:10, 
1,000  ml)  followed  by  washing  with  distilled  water.  Finally,  to 
remove  residues  of  used  salts  and  acids,  obtained  GO  was  re¬ 
dispersed  in  water  and  then  dialyzed  (dialysis  sacks,  pore  size 
12,000  Da,  Sigma— Aldrich)  to  pH  change  from  2.6  to  neutral.  The 
resulting  GO  were  dried  at  65  °C  in  a  vacuum. 

Obtained  GO  was  thermally  reduced  in  a  tube  furnace  in 
a  helium  (RGO-1)  or  hydrogen  (RGO-2)  atmosphere  at  380  °C 
within  2  h  with  a  heating  rate  of  5  °C  min-1. 


2.2.  Morphology  and  structure 

The  Raman  scattering  spectra  were  recorded  in  the  range  of 
100  cm-1  -  3,400  cm-1.  The  non-polarized  Raman  spectra  were 
recorded  in  the  back  scattering  geometry  using  inVia  Renishaw 
micro-Raman  system.  The  light  blue  line  of  argon  laser  operating  at 
488  nm  was  used.  The  inVia  Raman  spectrometer  allowed  to  record 
the  Raman  spectra  with  the  spatial  resolution  of  about  1  pm.  The 
spectral  resolution  was  2  cm-1.  The  morphology  of  the  prepared 
RGO  was  observed  by  scanning  electron  microscope  (SEM,  Tescan 
Vega  5153). 

2.3.  Electrode  preparation  and  electrochemical  measurements 

Graphene-like  materials  obtained  from  thermal  reduction  were 
mixed  with  a  binder  poly(vinylidene  fluoride)  (PVdF,  Fluka)  and 
carbon  black  (CB,  Alfa  Aesar)  at  weight  ratios  of  70:20:10  in  N- 
methyl-2-pyrrolidone  (NMP,  Fluka).  Obtained  slurry  was  coated  on 
Cu-foil  current  collector  (diameter  10  mm).  The  electrodes  were 
dried  in  three  steps:  24  h  at  room  temperature,  24  h  at  65  °C  and 
24  h  at  120  °C  in  a  vacuum  drier. 

0.7  M  lithium  bis(trifluoromethanesulfonyl)imide  (LiTFSI,  Fluka) 
in  N-methyl-JV-propylpyrrolidinium  bis(trifluoromethanesulfonyl) 
imide  (Pyl3TFSI)  ionic  liquid  prepared  as  reported  elsewhere  [25] 
was  used  as  the  electrolyte.  Vinylene  carbonate  (VC,  Aldrich)  was 
used  as  an  additive,  able  to  form  SE1  at  the  electrode/electrolyte 
interface.  Lithium  foil  (0.75  mm  thick,  Aldrich)  was  used  as  the 
counter  and  reference  electrode.  Cells  were  assembled  in  a  glove 
box  in  inert  Ar  atmosphere.  Electrodes  were  separated  by  a  glass 
micro-fibre  GF/A  separator  (Whatman)  and  placed  in  an  adopted 
0.5"  Swagelok®  connecting  tube.  Galvanostatic  charging/dis¬ 
charging  method  was  performed  with  the  use  of  the  ATLAS  0691 
MBI  multichannel  electrochemical  system  (Atlas— Solich,  Poland)  at 
current  density  of  50  mA  g-1  between  0.005  and  3  V  versus  the 
lithium-metal  reference  electrode.  Impedance  spectra  were  recor¬ 
ded  using  an  ac  impedance  analyzer  G™750  Potentiostat/Galva- 
nostat/ZRA  (Gamry  Instruments,  USA)  in  a  frequency  range  of 
100  kHz— 10  mHz  with  potential  amplitude  10  mV.  Deconvolution 
of  spectra  was  performed  with  the  Z-view  software  (Scribner 
Associates  Inc.,  USA).  Cyclic  voltammetry  measurement  were 
carried  out  in  the  potential  range  0.005—3.0  V  vs.  Li/Li+  with  the 


Scheme  1.  Schematic  illustration  of  procedure  for  the  chemical  process  of  oxidation  of  graphite. 
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scan  rate  of  0.1  mV  s  1  using  the  pAutolab  type  II  electrochemical 
system  (Ecochemie,  The  Netherlands). 

3.  Results  and  discussion 

The  structural  changes  occurring  during  the  chemical  conver¬ 
sion  of  the  graphite  to  graphite  oxide  and  then  to  the  reduced  GO, 
were  investigated  by  Raman  spectroscopy,  as  shown  in  Fig.  1.  For 
the  natural  graphite  (Fig.  la),  the  spectrum  displays  a  G  peak  at 
1,579  cm-1,  corresponding  to  the  first-order  scattering  of  the  E2g 
mode  and  two  peaks  at  1,355  cm-1  (ascribed  to  edge  planes  and 
disordered  structures)  and  2,734  cm-1  (2D).  In  the  Raman  spec¬ 
trum  of  the  graphite  oxide  (Fig.  lb),  the  G  band  is  broader  and 
shifted  to  1,581  cm1.  The  intensity  of  G  band  is  reduced.  On  the 
other  hand,  the  intensity  of  D  band  at  1,352  cm1  increased 
significantly.  The  spectrum  of  the  reduced  graphite  oxide  (Fig.  lc) 
also  contains  both  D  and  G  bands  (1,359  cm-1  and  1,588  cm-1, 
respectively),  however,  the  intensity  of  both  peaks  decreased.  The 
ratio  of  the  intensities  [Iclb)  changed  from  7.31  for  the  graphite  to 
0.51  for  the  graphite  oxide  (GO)  and  finally  to  0.46  for  the  reduced 
material  (RGO).  These  data  indicate  that  chemical  oxidation  and 
thermal  reduction  cause  distinct  decrease  of  the  size  of  the  in-plane 
sp2  domains  and  increase  the  degree  of  disorder  in  the  prepared 
graphene-like  material  [26-30]. 

Scanning  electron  microscope  (SEM)  was  used  to  characterize 
the  structure  of  material  before  and  after  modification.  Fig.  2a 
shows  the  image  of  the  original  graphite  powder  before  the 
oxidation.  The  shape  of  individual  particles,  consisting  of  planes 
resembling  a  rose-like  flower,  is  relatively  regular.  Fig.  2b  present 
the  graphite  oxide  reduced  in  the  helium  atmosphere  (RGO-1). 
Special  treatment  of  the  material  resulted  in  morphological 
changes  manifested  by  irregular  and  disordered  shape.  It  can  be 
seen  that  material  is  composed  of  randomly  aggregated,  thin  and 
wrinkled  sheets,  loosely  coupled  with  each  other.  During  galva- 
nostatic  charging/discharging  process  open  spaces  were  filled  with 


electrolyte  decomposition  products,  resulting  in  the  creation  of 
a  thin  film  on  the  material  surface  (Fig.  2c).  Such  a  remarkable 
coating  is  the  result  of  a  high  surface  irregularities. 

Fig.  3  shows  the  dependence  of  the  discharge  capacity  (lithium 
insertion)  vs.  number  of  cycles  for  the  RGO-1  and  RGO-2  materials. 
In  both  cases,  the  capacity  decreases  rapidly  during  the  first  10 
cycles,  then  stabilizes  during  the  next  15  cycles,  remaining  at  the 
same  level  for  the  next  45  cycles.  The  main  difference  between 
these  two  materials  was  the  value  of  the  final  capacity.  The  graphite 
oxide  reduced  in  the  presence  of  hydrogen  reached  the  capacity  of 
about  440  mAh  g_1  after  70  cycles,  almost  100  mAh  g_1  less  than 
that  characteristic  of  the  material  obtained  from  GO  reduced  in  the 
helium  atmosphere  (550  mA  g  ').  Both  materials  were  tested  in  the 
ionic  liquid  containing  20  wt.%  VC  as  an  SEI  forming  additive.  The 
amount  of  VC  which  is  added  to  the  electrolytes  based  on  ionic 
liquids  is  usually  between  5  and  10  wt.%,  depending  on  the  type  of 
the  electrode  material  or  the  type  of  ionic  liquid  selected  to 
examination  [31-34],  However,  due  to  the  high  irregularity  of  the 
material  surface  and  the  presence  of  numerous  defects,  causing 
a  significant  losses  of  capacity  during  the  first  lithium  insertion  (SEI 
formation),  the  content  of  VC  in  the  electrolyte  was  increased  to 
20  wt.%.  Cyclic  performance  of  cells  containing  RGO-1  as  a  function 
of  VC  %  in  the  electrolyte  is  shown  in  Fig.  3  (inset).  As  it  can  be  seen, 
cell  operating  in  Pyl3TFSI  0.7  M  LiTFSI  with  20  wt.%  VC  gives 
a  higher  value  of  capacity  during  first  30  cycles.  In  this  case,  the 
increase  of  VC  amount  resulted  in  well-developed  SEI,  improving 
the  cell  efficiency. 

Charge  and  discharge  curves  for  1  st  and  2nd  cycle  are  presented 
in  Fig.  4.  During  the  first  insertion  of  lithium  between  the  layers  of 
the  RGO-1  material  the  creation  of  protective  SEI  took  place.  The 
high  capacity  value  of  the  first  discharging  process  might  be 
attributed  to  covering  a  number  of  defects  on  the  surface  and  might 
be  related  with  irreversible  lithium  storage.  Retention  of  lithium 
within  the  structure  of  the  material  and  lithium  reactions  with 
oxygen-containing  functional  groups  (residues  of  the  process  of 
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Fig.  1.  Raman  spectra  of  a)  graphite  b)  graphite  oxide  c)  reduced  graphite  oxide  (RGO-1). 
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Fig.  2.  SEM  images  of  a)  natural  graphite  powder  b)  RGO-1 

oxidation  and  reduction)  present  on  the  material  surface  results  in 
a  capacity  loss  during  70  cycles  to  the  value  of  550  mA  g-1  (stable 
during  ca.  45  cycles),  which  is  about  74%  of  the  theoretical  capacity. 
The  coulombic  efficiency  of  the  first  cycle  was  about  41%,  which  is 


ode  after  galvanostatic  charging/discharging. 

related  with  SEI  formation.  However,  the  second-cycle  efficiency 
was  already  twice  higher  (ca.  85%)  and  after  the  third  cycle  was 
stable  at  ca.  97%.  All  subsequent  loss  of  the  stored  charge  after  the 
first  cycle  may  be  related  to  structural  changes  such  as  changing  the 


c)  RGO-1  electr 
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VC  and  cyclic  performance  of  cells  containing  RGO-1  as  a  function  of  VC  X  in  the 
electrolyte  (inset). 


material  arrangement,  shifting  layers  or  changing  the  distance 
between  them.  The  shape  of  the  curves  in  Fig.  4  does  not  represent 
a  typical  plateau  indicating  the  process  of  lithium  intercalation/ 
deintercalation,  characteristic  for  the  electrode  materials  (espe¬ 
cially  graphite  anode)  used  in  lithium-ion  batteries.  The  absence  of 
such  a  plateau  suggests  electrochemically  and  geometrically  unre¬ 
peatable  location  of  Li+  [35,36].  This  may  indicate  that  the  process 
of  lithium  storage  occurs  in  a  different  way  in  comparison  to  that 
characteristic  of  the  graphite  electrode.  In  addition,  the  process  of 
storage  and  release  of  lithium  ions  does  not  proceed  at  the  same 
potential  range.  The  reaction  of  lithium  with  the  active  surface 
during  the  discharge  processes  (lithium  storage)  occurs  at  low 
voltages.  However,  the  de-insertion  of  Li  takes  place  at  high  volt¬ 
ages,  because  of  the  relatively  strong  interaction  between  the  Li 
atoms  and  the  surface  rich  in  defects  [37],  The  mechanism  of 
lithium  storage  may  explain  cyclic  voltammetry  diagram  (Fig.  4, 
inset).  The  first  reduction  process  is  characterized  by  two  fine  peaks 
around  1.4  V  and  0.9  V,  probably  corresponding  to  the  formation  of 
SEI  on  the  surface  of  the  anode.  These  peaks  disappear  during 
subsequent  cycles,  which  can  be  attributed  to  the  dense  layer 
formation,  separating  the  electrode  from  the  electrolyte.  The  next 
stage  of  lithium  insertion  occurs  at  potentials  below  0.5  V,  giving 
a  peak  close  to  the  residual  value  of  0.005  V.  Difference  between  the 
CV  curve  of  the  first  cycle  and  the  other  two  cycles  indicates  that 
the  irreversible  capacity  loss  occurs  predominantly  in  the  first  cycle 
[36],  In  addition,  it  can  be  seen  from  the  cyclic  voltammetry,  the 
region  between  3  V  and  1  V,  which  is  dose  to  the  shape  of  a  typical 
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Fig.  5.  Nyquist  plots  after  70  cycles  of  galvanostatic  charging/discharging  in  Pyl3TFSI 
0.7  M  LiTFSI  +  20  wt.%  VC. 


CV  curve  for  electrochemical  capacitors.  It  might  be  explained  by 
the  fact  that  the  charge  can  be  stored  by  the  faradic  reaction 
occurring  on  the  surface  or  edges  of  the  planes  [21,38].  This 
phenomenon  may  be  attributed  to  the  properties  of  capacitive 
materials  [39],  Some  authors  also  suggest  that  lithium  ions  are 
electrochemically  adsorbed  on  both  sides  of  individual  planes 
arranged  in  a  random  manner  [21,40], 

Fig.  5  shows  the  impedance  curves  of  cells  after  70  cycles  of 
galvanostatic  charge/discharge  cycles.  Both  types  of  the  electrode 
(RGO-1  and  RGO-2)  were  in  the  delithiated  state.  Nyquist  plot 
shows  a  fragment  of  semi-circles  at  high  frequencies 
(100  kHz-10  Hz)  with  some  slope  in  the  region  of  low  frequencies 
(10-0.01  Hz).  Distorted  semi-circles  at  high  frequencies  resulting 
from  the  superposition  of  several  time  constants  are 
electrochemical  response  of  the  electrode  processes  such  as  the 


Fig.  4.  Charge  and  discharge  i 


of  RGO-1  in  Pyl3TFSI  0.7  M  LiTFSI  +  20  wt%  VC  and  cyclic  voltammetry  (inset). 
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Fig.  6.  Equivalent  circuit  representing  electrolyte/electrode  system. 


migration  of  ions  through  the  passivation  layer  (SEI),  charge 
transfer  resistance  and  the  resistance  of  the  electrolyte  in  the 
pores  of  the  SEI.  The  straight  line  at  low  frequencies  is 
responsible  for  the  diffusion  processes  in  the  electrode  active 
mass.  It  is  worth  noting  that  for  two  separate  circuits,  impedance 
spectra  are  almost  the  same.  Impedance  plots  were  analyzed  by 
fitting  to  the  equivalent  circuit,  shown  in  Fig.  6.  In  both  cases  the 
resistance  of  the  electrolyte  (Rs)  was  about  7  Q,  while  the  other 
values  were  different.  For  the  cell  with  an  electrode  composed  of 
RGO-1  material  Rf  —  20  Q  and  Rct  =  114  Q.  The  system  contains 
material  RGO-2  revealed  slightly  higher  values  of  resistance, 
namely,  Rf  =29  Cl  and  Rct  =  134  Q. 

4.  Conclusions 

1.  This  work  is  intended  to  show  that  the  graphene-like  material 
can  be  considerably  good  electrode  material  working  with  ionic 
liquid  as  electrolyte;  these  materials  reveal  comparable  results 
with  conventional  electrolytes. 

2.  Obtained  results  showed  that  lithium  storage  process  occurs 
reversibly  with  good  cycling  stability.  Due  to  the  structure  of 
the  material,  creation  of  the  SEI  during  the  first  lithiation 
process  is  associated  with  a  large  capacity  loss. 

3.  Better  performance  (higher  capacity)  were  obtained  for  the 
reduced  graphite  oxide  in  the  presence  of  helium  (RGO-1) 
rather  than  the  material  reduced  in  the  presence  of  hydrogen 
(RGO-2). 
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